Introduction
The interpretation of STM images of nanometer-sized objects is far from being a trivial task, because the size and shape of these objects can be significantly distorted due to the influence of the shape of the STM tip and the threedimensional trajectory of the scan process. This problem was discussed for STM imaging of clusters [1] where it leads to a significant inflation of the measured cluster width. A similar enhancement of the width also occurs for a e-mail: hoevel@physik.uni-dortmund.de the STM imaging of nanotubes. As a consequence, the interpretation of the atomic structure of nanotubes in STM images becomes cumbersome. A geometric model based on the assumption of a constant tunneling distance and the radial projection of the atomic structure was used within the simulation of STM images in a tight-binding computation [2] . The existence of an expansion of the image scale perpendicular to the tube axis was confirmed in experimental data [3] and included in the quantitative analysis of the nanotube lattice orientation with respect to the sub-strate [4] . However, in Ref. [4] the expansion was used only as a parameter for a local fit of the nanotube lattice. Here, we have carried out a systematic analysis of STM measurements of this effect on supported carbon nanotubes.
In addition, we have performed accurate microscopic calculations based on non-equilibrium Greens function. We will discuss the validity of simple geometric considerations on the basis of the experimental data obtained and a detailed theoretical modeling of the STM process.
Experimental observations
For the experimental data we focus on two data sets out of different measurements reported before [3, 4] . In Fig. 1a we show the STM image of a carbon nanotube on a graphite substrate. Each horizontal line, parallel to the tube axis, is set to the same mean height for a better visibility of the atomic structure. As already mentioned in Ref. [3] , a reasonable fit to the atomic tube structure is obtained if we construct an ideal graphite lattice which fits the simultaneously imaged graphite substrate and expand it by a factor of about 1.6 perpendicular to the tube axis. This indicates an orientation of the tubes given by an alignment of the tube graphene structure with the lattice of the graphite substrate. Later on, the analysis of the tube lattice orientation was refined [4] using a technique for evaluating the mutual orientation which uses the measured lattice vectors of the graphite surface as a reference for distortion and drift effects in the STM image. This not only confirmed the alignment of the nanotube lattice structure to the structure of the graphite substrate, but also gave a better value for the factor by which the nanotube lattice is expanded perpendicularly to the tube axis.
For the tube in Fig. 1 is fitted assuming that the tip is moving on a circle with radius d+r centered to the tube with radius r (red/dashed). The tunneling distance d is assumed to be equal on the substrate and on top of the tube.
In Fig. 1b an STM line profile perpendicular to the tube is shown with equal x-and z-scaling. If we adopt the geometric model with a constant tunneling distance [2] and fit a circle to the top-curvature of the line profile, we get a circle diameter 2R = 2r + 2d of more than 4 nm, with 2r the nanotube diameter and d the distance between tunneling tip and nanotube. We first assume that the tunneling distance is equal for the graphite substrate and the nanotube, and then that the distance between tube and substrate is smaller than 0.35 nm (the lattice plane distance of graphite), due to the expected deformation of the tube at the substrate interface [5] . 
Microscopic calculations
We have performed microscopic calculations of the STM imaging procedure for finite nanotubes. These are based on a non-equilibrium Green's function description of the electron transport from the tip, mounted at the upper electrode, through the tube to the supporting surface. The interactions with the electrode and the surface are taken into account via tunneling self-energies [6] . The tube and the tip, however, are treated in a fully atomistic description, which is of crucial importance with respect to the questions discussed above. We employ a self-consistent tight-binding model which is parameterized from densityfunctional calculations; atomic charge fluctuations (transfer and polarization) are taken into account [7] . The procedure for calculating equilibrium properties, like the charge transfer to or from the nanotube, and transport properties, like the current through the nanotube, is described elsewhere [8] .
Our microscopic approach does not allow to treat tubes of diameters and lengths similar to those presented in Sect. 2. Instead, we performed investigations of (4,4) tubes [9] with a length of 20 repeat units, placed on a Au(111) surface [10] . Note that such tube sizes with 160 carbon atoms require extensive numerical calculations. We employed two different tips with 10 atoms arranged in a pyramidal shape simulating "realistic" tips. The first one is sharp with three layers of 1, 3, and 6 atoms; the second one is blunt with two layers of 3 and 7 atoms. shows that -independently of the tip shape under consideration -the trajectories can be nicely fitted by circles.
Note, however, that the radii R of these fitting circles differ, R sharp = 0.7 nm vs. R blunt = 0.9 nm. As can be seen in Fig. 3a , there is a tiny shift of the center of the circle with respect to the tube center for the sharp tip. Neglecting it one gets back to the simple geometric model proposed earlier [2] . On the other hand, cf. an equilateral triangle at the bottom, we note a dichroism, i. e. repeated conductance peaks due to different end atoms of the tip, which has been observed before in "abnormal maps" for imaging of C 60 molecules [8] . It is exactly this change of the current-carrying atom which widens the tip trajectory as shown above in Fig. 3 . For yet broader tips we expect even more involved STS maps.
Conclusions
We have shown that the simple geometric model of constant tunneling distance and radial projection of the atomic structure, which was suggested to take into account for the The topics discussed in this work will be important not only for nanotubes but also for STM imaging of other nanometer sized objects on surfaces as, e. g., deposited
clusters [11] .
